This paper presents the results obtained in the revamping of a furnace for austenitizing treatment of seamless tube at TenarisDalmine using the new generation of TENOVA low NOx emission burners based on flameless technology named FlexyTech TLX.
Introduction
Based on promising results of R&D work performed in the last four years [1] [2] [3] , and successful applications for primary NOx abatement in the big (>100t/h) steel reheating furnace equipped with central recuperators [3] [4] [5] [6] , the family of Tenova FlexyTech burners has been enlarged with small size burners (TLX). First application of these burners has been done in the revamping of the furnace for austenitizing treatment of seamless tube at TenarisDalmine (HT furnace). The main goals of the revamping was decrease of NOx emissions at furnace stack of one order of magnitude and increase the productivity up to 20%.
TENARISDALMINE ORIGINAL HT FURNACE
TenarisDalmine HT furnace performs an austenitizing treatment, followed by a tempering. It was a 40t/h (nominal) walking beam furnace, 9.2m length and 16m width, equipped with Tenova high speed flame burners HS4 and HS6, supplied with natural gas. a soaking section. Two roads of burners are placed in frontal way. Reheating and soaking sections are divided by a ceramic fibers baffle, in order to avoid influence between the flames. Total combustion air flow rate is 14500Nm3/h, natural gas 1510Nm3/h. Thermal input distribution is detailed in table.1 Combustion air is preheated by a centralized heat exchanger by using the flue gas taken from the furnace at the exit of tunnel: the mean temperature value at burner inlet is about 300°C. Tubes are moved by beams having 234mm pitch, with a beam pitch of 134mm.The feeding pitch varies with tube diameter, from single to triple pitch. As first step of revamping activities, the assessment of working conditions of the furnace during the six month before the modifications, has been performed. Original HT furnace operation has been also analyzed using both thermal and fluid dynamic model.
Thermal model
A mathematical model has been developed by CSM to calculate the thermal profile of the tubes reheated in the furnace by solving a set of integro-differential equations. In order to utilize the zonal method, furnace has been divided into several zones, taking into account the number of existing control zones ( fig. 1 , left) 
CFD model
Fluid dynamic model based on FLUENT code, developed for single burner simulations, Table 2 The boundary conditions for the "holes" are set-up using the profiles of the main variables at the exit of burner quarl (temperature, velocity, species mass fraction, etc.) obtained by the simulation of the single burner installed in a representative combustion chamber (CSM Modular Furnace 2mx2mx6m) working at the same conditions of HT furnace. This approach has been validated for the simpler configuration comparing the results of the simulation of the complete burner with that based on "hole" approach ( fig.2, left) . Following this approach the volume of the entire furnace was discretized by 4,925,444 cells. Analysis of simulation results has been focused on velocity and temperature field (Fig.2,  right) . Although HS4 power is constant throughout the furnace (100 kW), the development of the flame profiles is not homogeneous. On the contrary, HS6 flame profiles aren't disturbed by the flow field in the surrounding domain thanks to the high velocity at the exit burner. This flow field behavior produces the maximum value of the temperature (about 1200°C) on the crown owing to HS6 burners while the coldest area is confined to the tunnel. In this zone, wall temperature doesn't exceed 650°C partly because cold tubes take out a lot of heat and partly because the tunnel is not directly exposed to radiative fluxes coming from the hot walls. The overall heat balance showed that the burner thermal power is partly taken out by tubes (1256 kW), partly dissipated through the walls (190 kW) and partly lost by flue gas discharge (664 kW). Flue gas are discharged to the atmosphere at 775. As a result, the efficiency of the furnace section is 59.5%; walls and flue gas disperse, respectively, 9% and 31.5% of burners power.
31st Meeting on Combustion
VII-2, 4
TENARISDALMINE REVAMPED HT FURNACE
Previous analyses pointed out that productivity limitation at 40t/h is due to the length of furnace, that affects the time needed to reheat tubes, and to the limitation of temperature in the tunnel, necessary to prevent recuperator damage. From an energy point of view productivity of 50t/h can be achieved. Therefore, to increase the productivity, the furnace geometry has been modified eliminating the tunnel and moving back burners to the charging wall ( fig. 3 ).
Fig. 3 New layout of HT furnace
In order to reduce NOx emissions, flameless Tenova Flexytech Burners TLX6 and TLX8 have replaced HS4 and HS6 burners in reheating and soaking zone respectively. Moreover a new row of roof burners Tenova TR4 has been installed at the middle section of the furnace. These burners provide the thermal input needed to increase furnace productivity and do not increase NOx emissions, because they are supplied with cold air.
FlexyTech TLX burners family
TLX burners is based on the same combustion technoloy of the biggest size TSX burners [3] [4] [5] [6] and are developed mainly to be installed on Heat Treatment and Roller Heat Furnace for direct rolling of thin slab and on Rotary Heart Furnace. The separated injection of combustion air and natural gas allows to reach flameless combustion regime (lateral gas injection) with consequent extremely low NOx emission level in comparison with traditional flame regime (central gas injection). Fig. 4 (left) shows the results of tests performed at CSM for the preseries TLX6 burner (280kW size). Family of TLX burners (TLX6-130kW and TLX8-450kW) has been designed to be used in the HT furnace ( fig. 4, right) . Due to lowest value of furnace temperature (920°C vs. 1250°C) and preheated air temperature (300°C vs. 450°C) lower NOx emissions are expected in comparison with single burner measurements.
CFD simulation of revamped HT furnace
In order to quickly verify effects of new furnace geometry and combustion system a section of the furnace corresponding at 1/10 of the total furnace length has been modeled. Fig. 5  (left) shows the results of the simulation of the single burners from which the boundary conditions for the furnace module modeling have been taken. Periodic conditions are assumed for lateral surfaces. The surface temperature of each tube was imposed as in the simulation of original furnace. The fluid dynamic model of the single burners and of the furnace module (Fig.5, right) confirms that flameless combustion considerably reduces the temperature peaks.
In the furnace zone interested by TLX, gas temperature doesn't exceed 1300°C. The hottest area is at the exit of TR4 burner where, in any case, the temperature peak reaches a value significantly lower than conventional burners. This indicates a strong potential for very low NOx emission level. The comparison of surface heat flux (kW/m2) from the flue gas to tubes (tube1 is the first to be charged into the furnace) between original and revamped furnace configurations (Fig.6  left) showed that the new configuration set up guarantees a more effective heating process. In particular, heat exchange with cold tubes on the baking side is enhanced while the one with hot tubes, on the side exit, is reduced. This means that with the same thermal input and with the same production the tubes reach the desired surface temperature more quickly, confirming the results of thermal model calculations. Figure 6 -right, in fact, shows that in the revamped configuration being the thermal gradient increased at the beginning of reheating process the process temperature is achieved in a shorter time. fig.7 left) in over the whole furnace turn-down. This allows to reach NOx emissions well far below the guaranteed value: from NOx level about 100 ppm @3% O2 in dry flue gas of original furnace, to about 20ppm @3% O2 of revamped one.
COMMISSIONING PERFORMANCE
Values obtained during the commissioning phase were also confirmed by measurement performed by Tenaris in the last year ( fig.7 right) . Moreover productivity increase between 15 to 20% has been monitored during the same period.
Fig 7 Left: Reheating zone of revamped HT furnace. Right: Measured NOx emissions
The improvement is mainly due to the new configuration of the furnace coupled with a new concept of zone temperature control:
• the burner moving back in reheating zone has allowed to anticipate tubes reheating and to increase tube velocity inside the furnace; • placement of control thermocouples at the level of the furnace top wall instead of inside the chamber, has allowed the signal to be not affected by hot jets produced by high momentum burners, when impinging on the thermocouples. Since the thermocouples are also used for control burner switch from flame to flameless mode and vice versa this is an important aspect to take into account for the proper working condition of flameless furnace.
